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ABSTRACT Understanding the interaction between a catalyst

Porous carbon
electrode

and oxygen has been a key step in designing better electrocatalysts /

Increased stability with conductivity

for the oxygen reduction reaction (ORR) as well as applying them in

. ) ) High activit
metal —air batteries and fuel cells. Alloying has been studied to finely - on aciy
r inlet
tune the catalysts' electronic structures to afford proper binding
affinities for oxygen. Herein, we synthesized a noble-metal-free and q Strong binding afnty

nanosized transition metal CuFe alloy encapsulated with a graphitic ~ Zn electrode

carbon shell as a highly efficient and durable electrocatalyst for the Electrocatalyst layer
ORR in alkaline solution. Theoretical models and experimental results demonstrated that the CuFe alloy has a more moderate binding strength for oxygen
molecules as well as the final product, OH™, thus facilitating the oxygen reduction process. Furthermore, the nitrogen-doped graphitic carbon-coated layer,

formed catalytically under the influence of iron, affords enhanced charge transfer during the oxygen reduction process and superior durability. These

benefits were successfully confirmed by realizing the catalyst application in a mechanically rechargeable Zn—air battery.

KEYWORDS: oxygen reduction reaction - Zn—air battery - transition metal alloy - durable electrocatalyst - binding affinity

xygen reactions are vital for metal—

air batteries and fuel cells."” The

fact that oxygen does not need to
be stored within these size-limited devices
enables them to have energy densities lar-
ger than those of Li-ion batteries. The slug-
gish rate for the oxygen reduction reaction
(ORR) causes significant polarization loss, so
proper catalysis of this reaction has been
a critical issue. Although the ORR transfor-
mation comprises multiple electron transfer
and chemical steps, the adsorption of O,
is one of the major processes. Thus, it is
reasonable to consider the interactions be-
tween oxygen molecules and the catalyst
surface to achieve more moderate binding
energies.

To optimize oxygen electrochemistry, the
electronic structures of noble-metal-based
catalysts have been extensively fine-tuned
both experimentally and theoretically.>~®
For example, a well-defined alloy of Pt with
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other transition metal nanoparticles (NPs)
has much better catalytic activity and dur-
ability than Pt metal alone, even with much
more enhanced mass activity.”'? However,
it is still quite challenging to develop noble-
metal-free alloy catalysts with comparable
catalytic activity and durability.’>'*

To prepare better non-precious-metal
catalysts, volcano plots can provide useful
guidelines for the design of reasonable
catalysts that address the foregoing
issues.”® For example, theoretical calcula-
tions imply that Cu has the highest activity
for oxygen reduction among the transition
metals, whereas Fe has a strong binding
affinity with oxygen. In previous studies,
bi-core CuFe—N,/C'®"” demonstrated cata-
lytic activity in the ORR, albeit with poor
durability, which was attributed to the change
in the oxidation number of metal—N bonds
that can lead to morphological defects.
Therefore, this catalyst is not yet suitable
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Figure 1. Material characterization of the CuFe alloy. (a) XRD data of CuFe, (b,c) extended X-ray absorption fine structure and
X-ray absorption near edge structure analysis, (d) scanning electron microscopy image of CuFe, (e) low-magnification HR-TEM
image of CuFe, and (f) high-magnification HR-TEM image of CuFe.

for practical application. Nitrogen-coordinated iron-
based complexes have been studied as promising
non-precious-metal catalysts for decades,’®™?° but
the nature of their active sites is still unclear, although
coordinated Fe can be considered as the active
site.2'22 In this work, we successfully synthesized CuFe
alloy NPs coated with graphitic carbon shells via high-
temperature pyrolysis using a copper phthalocyanine-
based precursor and an iron acetylacetonate. The
structural and electronic properties of this material
were characterized both experimentally and theoreti-
cally in the context of its active sites, kinetic behavior,
and overall electrochemical performance toward the
ORR in an alkaline electrolyte. These graphitic-shell-
coated CuFe NPs exhibit comparable activity and
better stability for the ORR versus the Pt catalysts for
both half-cell and Zn—air batteries. We believe that
the Fe atoms embedded in the Cu-rich alloy afford
moderate binding affinity for oxygen molecules and
OH™ ions, while electron transfer through the graphitic
carbon shell is simultaneously enhanced.

RESULTS

The X-ray diffraction (XRD) pattern of the CuFe
catalyst prepared at 800 °C (hereafter designated CuFe,
Figure 1a) matches that of the metallic CuFe alloy
well.?® The observed peaks at 26 = 43.32, 50.46, and
74.14° (JCPDS no. 03-065-7002) correspond to reflec-
tions from the 111, 200, and 220 planes, respectively,
and are slightly shifted from heat-treated chlorophyllin
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with satellite peaks around these main peaks. This
indicates that some copper atoms in the lattice have
been substituted by iron, thus affecting the lattice
parameters of the Cu (Supporting Information
Figure $1).2% The crystalline structure of the CuFe alloy
is still cubic and composed of Cu atoms with partial Fe
substitution. In addition, the CuFe alloy catalyst con-
tains iron carbide (FesC) species and partial graphitic
carbon structures at 24° from the (002) diffraction in its
XRD pattern, but the intensity of the Fe3;C peak is
substantially lower than those for the major CuFe alloy
component. This means that the exact composition of
the alloy cannot be determined using inductively
coupled plasma (ICP) or thermogravimetric analysis
(TGA) techniques due to the FesC impurity.

More detailed structural information for the CuFe
alloy is revealed with the extended X-ray absorption
fine structure (EXAFS) analysis (Figure 1b,c). The nor-
malized Cu and Fe K-edge peaks and radial distribution
functions (RDF) of the alloy are clearly similar to those
of metallic Fe and Cu, indicating that the as-prepared
alloy does not contain Cu—N and Fe—N species. In
addition, the intensity of each Fourier-transformed (FT)
peak for the alloy in the RDFs is much lower than that
in Cu and Fe metals, indicating the formation of a
nanosized metallic alloy. For example, the FT peak
intensity for Fe is lower than that of Cu and dramati-
cally decreases at a higher r space, indicating the larger
size of the Cu atoms compared to the Fe atoms in the
alloy. This finding is also supported by the XRD data.
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Figure 2. Structural and elemental analysis of the CuFe alloy. (a) High-angle annular dark field/STEM image of CuFe alloy
nanoparticles and EDS elemental mapping of (b) Cu and (d) Fe in the same area. (c) EDS intensity profiles of yellow line in (a).

Furthermore, in contrast to the reference materials, this
alloy has very different peaks derived from nitrogen-
coordinated Cu and Fe complex such as Fe or Cu—Nj,.
Thus, nitrogen-coordinated Fe sites are not formed
in this alloy; Fe cannot be affected by CN™ ions, and
no degradation in activity is observed (unlike, in gen-
eral, for Fe—N, structures) (Supporting Information
Figure 52).2' The detailed structural information from
the EXAFS study also clearly supports the completely
different structure of the as-prepared alloy compared
to planar Fe-based catalysts and, therefore, the suc-
cessful formation of the nanosized Cu—Fe alloy.

The high-resolution X-ray photoelectron spectros-
copy (XPS) spectra of the N 1s, Fe 2p, and Cu 2p core
levels for the CuFe alloy catalyst are shown in Support-
ing Information Figure S3. The presence of a N 1s peak
at 398.8 eV indicates that copper phthalocyanine is
fully decomposed by high-temperature annealing,
forming N-doped carbon materials. Also, based on
the absence of typical peaks due to metal nitride
compounds at 398.0 eV, no copper—nitrogen bonding
(Cu—N) is observed."” Although the intensities of the
Fe-related XPS peaks are too weak to assign exactly,
the Fe 2p peak at 720.0 eV could attributed to pure
metallic Fe atoms.>> However, the XPS peak shape
clearly reveals that the oxidation state is not Fe(lll),
although its intensity is lower relative to that of Cu. This
may be because most Fe atoms are under Cu atoms;
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our calculations showed that exposed Fe atoms in a
CuFe alloy model are 1.225 eV higher in ground-
state energy than the alloy model with buried Fe
atoms, based on a supercell of CuyFe, (Supporting
Information). This structural information also suggests
that Fe is not directly exposed to the external environ-
ment; that is, Fe is in an inner layer of the alloy rather
than at the surface of Cu(111). This structural feature
is also further supported by the scanning transmis-
sion electron microscopy (STEM) image and energy-
dispersive X-ray spectroscopy (EDS) mapping (Figure 2).
The XPS shows that most of the Cu atoms exist as pure
metallic species with a small amount of CuO as an
impurity (Supporting Information Figure S3). Cyclic
voltammograms (CVs) of the CuFe alloy electrodes in
Ar-saturated 0.1 M KOH reveal featureless redox peaks
related to nitrogen-coordinated central Cu and Fe ions,
except for a large capacitance current coming from the
underlying carbon (Supporting Information Figure S4).
These features provide evidence that the CuFe alloy
structure has little structural information about the
coordination of metal-surrounded N atoms.'” There-
fore, it can imply that the electronic state and local
environment of the Cu atoms in the CuFe alloy are
totally different from those in bi-core CuFe—N,/C."”
The conclusions from the high-resolution XPS corre-
lated with the CV measurements suggest the presence
of a metallic Cu and Fe alloy rather than N,Fe(lll) and

AR

VOL.9 = NO.6 = 6493-6501 = 2015 Z/—\_Q@LNTL//AL\TCJ

WWwWW.acsnano.org

6495



\J

'
N

4]

20ugiem’ Pt

Current density (mA/cm?)
&

[roromremt ozt e e —GOug/cm: Pt
04 06 08 10
C Potential (V vs. RHE)

-
o

at 0.9V (V vs. RHE)

o
o

Kinetic current density (mA/cm’)

Cu CuFe 60pg/cm’

Pt/C

mil
T 60pug/em’ PYC
o 62mV/dec. : g:Fe
o 1.0
S 90mV/dec?
?/ 120mV/dec.
B 09- e
=
c
L A .
[e] . %o
0 os : -
0.1 1 10
d Jk (mA/cm?)
© 4.0
[<}] _
e
=
7 A
» S
<
)
© 23381
: g ——CuFe
o] 2
= g 60ug/cm” Pt/C
o 936
£
=
= ; : "
0.4 0.6 0.8 1.0

Potential (V vs. RHE)

Figure 3. Electrocatalytic activity of the CuFe alloy. (a) Linear sweep voltammograms of CuFe, Cu, Fe, and Pt/C measured by a
RRDE system. (b) Tafel plots of each catalyst. (c) Kinetic current at 0.9 V of each catalyst (except Fe in (b,c) due to low on-set
potential of Fe). (d) Calculated number of transferred electrons of CuFe and Pt/C.

Cu(ll)/Cu(l) compounds, so that it can be assumed
that the ORR process for this alloy does not involve
N,Fe(lll) as the active site with Cu(ll)/Cu(l) as the redox
mediator.'®"”

The morphology of the CuFe alloy was evaluated by
scanning electron microscopy (SEM) and transmission
electron microscopy (TEM). The as-prepared catalyst
appeared as a nanosized metal alloy embedded in
carbon ball-like microstructures (Figure 1d,e). Well-
crystallized CuFe nanocrystals can be clearly observed
at high magnification. The CuFe alloy exhibits a d
spacing of 2.2 A, corresponding to the (111) plane of
the CuFe alloy. It was completely encapsulated inside
a graphitic carbon shell, which serves as additional
evidence of the metallic character of the metals
(Figure 1f and Supporting Information Figure S5). To
obtain more detailed information for this nanoparticle
alloy, we prepared the cross section of a particle using a
focused ion beam (FIB) technique and obtained the
STEM image. The line mapping results indicate that Fe
atoms are overlapped and mostly surrounded by Cu
atoms, providing evidence of CuFe alloy formation,
although Fe particles are more agglomerated than Cu
in the inner area (Figure 2 and Supporting Information
Figure S6). The high-resolution transmission electron
microscopy (HR-TEM) image shows that the CuFe NPs
are completely coated by a few layers of graphitic
carbon sheets with a layer distance of 3.76 A, and no
free NPs are observed outside the carbon layers. The
slightly increased (002) d spacing may be a notable
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clue for the incorporation of nitrogen into the graphitic
layer, thus creating another active site (Supporting In-
formation Figure 57).2° The presence of well-developed
graphene sheet coverings could impart enhanced
electronic conductivity to this carbon-based CuFe alloy
catalyst, although the thickness of the carbon walls
may control the adsorption of O, and thus affect the
ORR activity.”” The degree of graphitization is also
demonstrated by Raman spectroscopy. To better un-
derstand the onion-like graphitic carbon nanoshell
layer, heat-treated Cu (chlorophyllin) has little graphitic
carbon character and Cu,0, which is totally different
than the CuFe alloy (Supporting Information Figures S7
and S8). This means that Fe species can catalyze the
graphitization of carbon.?

To verify the catalytic ORR activity of the CuFe
electrocatalyst, we performed rotating ring-disk elec-
trode (RRDE) measurements in O,-saturated electrolyte
solution (0.1 M KOH) at room temperature (Figure 3a).
The copper precursor (chlorophyllin), heat-treated
at 800 °C, shows much better ORR performance in
0.1 M KOH than the heat-treated Fe precursor (Fe(ll)
acetylacetonate). However, dramatically improved
ORR activity for the CuFe alloy with the crystalline
carbon sheets was achieved, which was comparable
to that of Pt/C electrocatalysts, and well-defined limit-
ing current density for the CuFe alloy is also observed,
indicating that all of the catalysts are sufficiently active
to reduce all of the oxygen molecules. The measured
value of the Tafel slope for the CuFe catalyst was
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Figure 4. Zn—air battery application with a synthesized electrocatalyst. (a) Current—voltage (/—V) profile and (b) power
density versus current density profile of Pt/C mixed-air electrode, CuFe mixed-air electrode, and air electrode without an
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(includes OCV, 25, 100, 200, and 300 mA/cm?). (d) Mechanically recharged Zn—air battery with CuFe electrocatalyst (20 mA/cm?
of current density applied in ambient air conditions, with periodically recharged Zn plate and 6 M KOH).

90 mV dec™', which differs from dual slopes for
Pt/C (~62 mV dec™"). The difference in the Tafel slope
values for these catalysts implies the different natures
of their active sites. It can be concluded that the rate-
determining steps during CuFe alloy catalysis of
the ORR may be both the migration of intermediates
and the electron transfer, based on its Tafel slope
(Figure 3b).2® We compared the kinetic currents for
Fe, Cu, and CuFe catalysts at 0.9 V (vs RHE); CuFe
showed a dramatically increased kinetic current,
whereas those for Cu and Fe were much lower
(Figure 3c). These results suggest that the affinity of
hydroxyl groups, which control O, adsorption, for
the CuFe alloy is lower than that for the single Cu- or
Fe-based catalysts due to a reduced “blocking effect” of
the active sites in the alloy.?*2° This would result in a
kinetic current density much higher than that for
the single-component catalysts. The number of trans-
ferred electrons for the catalysts was calculated from
the RRDE measurements (Supporting Information
Figure S9); the calculated value for the CuFe alloy is
~3.7—3.9 (Figure 3d), which indicates that oxygen is
reduced through a direct rather than an indirect pathway.

To reveal the durability of the CuFe electrocatalyst,
we measured its chronoamperometric (i—t) response
for the ORR (Supporting Information Figure S10a). As
shown in its profile, CuFe shows much higher stability
than Pt. This superior durability can further be sup-
ported by another durability test, cycling between
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0.6 and 1.0 V at 50 mV s~ under O,-saturated condi-
tions (Supporting Information Figure S10b), and its
catalytic activity is maintained even after 10000 con-
tinuous cycles. After the durability test, we investigated
the morphological change of the CuFe electrocatalyst
by HR-TEM. We could confirm that pristine CuFe mor-
phology remained with the same crystal structure,
although its graphitic carbon layers were completely
turned into amorphous carbon (Supporting Informa-
tion Figure S10c,d). Therefore, the carbon layer in-
creases the corrosion resistance, affording excellent
durability for the CuFe alloy. The enhanced stability for
the alloy could be attributed to the corrosion resistance
afforded by the carbon layers.

We also assembled a zinc—air battery with a CuFe
alloy catalyst-functionalized porous electrode as the air
cathode and Zn foil as the anode to demonstrate the
potential of our catalyst for practical applications. A
bare air electrode, a CuFe alloy, and the Pt/C catalyst
embedded in the air cathode were prepared with the
same electrode thickness and catalyst content and
also tested under the same conditions for comparison.
Figure 4a,b presents the polarization curves of each
single cell and the peak power density of the Zn—air
battery, with the CuFe alloy as the catalyst reaching
212 mW/cm?, which is even higher than that of the
Pt-catalyzed air electrode as well as the bare cathode.
For more quantitative analysis, we compared each
voltage drop rate and found that the slope of the CuFe
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alloy is —2 mV/mAcm 2, which is lower than that of other
electrodes (slope of Pt/C 20% is —2.34 mV/mAcm ),
especially at a high current density above 100 mAcm 2
(Figure 4a and Supporting Information Figure S11). These
benefits were also demonstrated by the excellent current
step up and down response characteristics of the CuFe-
alloy-catalyzed single Zn—air battery (Figure 4c). This
means that the CuFe-alloy-catalyzed Zn—air cell can be
applicable to automobile applications, which need fast
dynamic response.*°

After discharging, we found that the battery can be
recharged by refueling the Zn anode and KOH electro-
lyte periodically. Therefore, the air electrode made with
the CuFe alloy could work robustly for more than 100 h
without any loss of voltage (Figure 4d), indicating again
the high stability of the CuFe alloy catalyst. Polarization
decrease after 100 h discharge may occur because gen-
erated heat during the discharge affects electro-osmosis
of the electrolyte and the polytetrafluoroethylene (PTFE)
hydrophobic binder, causing air electrode polarization
loss due to more electrolyte infiltration into the air
electrode. Furthermore, this decrease in hydrophobicity
of PTFE can be accelerated in an alkaline KOH electrolyte,
causing a decrease in three phase reaction sites>' This
means that much more effort should be devoted to the
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development of whole air cathodes beyond preparation
of electrocatalysts because the degradation mechanism
of the air cathode mostly results from the air electrode
itself under practical working conditions.

To confirm the active sites of the CuFe electrocata-
lyst, we treated the alloy with acid. The acid-leached
sample no longer contained the CuFe alloy; how-
ever, small amounts of pyridinic-type nitrogen-doped
carbon and Fe3;C were confirmed by XPS, XRD, and
HR-TEM. Interestingly, these materials still have a little
catalytic activity for ORR (Supporting Information
Figures S12 and 513).32*3 For example, the acid-treated
nanoparticle alloy had an onset potential similar to
that of the CuFe alloy; this may be attributed to the
pyridinic nitrogen species, which are closely related to
the onset potential.>**> The remaining Fe;C species
can also facilitate the ORR process,®? but its contribu-
tion on catalytic activity is negligible due to its low
contents. Therefore, it follows that the CuFe alloy
contributes more significantly to ORR as a major active
site than N-doped carbon shells and carbon-coated
FesC species. Based on the aforementioned discussion,
itis reasonable to focus on how CuFe NPs interact with
oxygen molecules, without considering the N-doped
carbon and Fe;C species.
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To understand the positive attributes of the transi-
tion metal alloy, we performed density functional
theory (DFT) calculations for the free energies of the
intermediates during the ORR for the Cu and CuFe alloy
systems, using the Vienna Ab Initio Simulation Package
(VASP).35739 Such calculations can provide critical clues
for elucidating the reaction pathway for the alloy-
mediated ORR (Figure 5). The adsorption of O, is one
of the major steps in the ORR, although the reaction
involves complex processes associated with several
oxygen-containing species in the alkaline media. Two
models are popular for O, adsorption: end-on adsorp-
tion and the bridge model. End-on adsorption leads to
a pathway through H,0,, and bridge adsorption results
in a direct four-electron pathway. Based on our direct
reduction pathway for the CuFe alloy catalyst, we
adapted the bridge model, involving several inter-
mediate species such as O,, O,*, OOH™, and OH™. We
studied the interactions between O,/OH™ and the
catalyst surface with three alloy models: an Fe atom
buried in the Cu alloy (CuFejnner), an Fe atom exposed
on the Cu alloy (CuFegyface), and a reference Cu(111)
substrate (Figure 5e). We compared the free energies
of the intermediates at specific potentials which result
in a downhill pathway for spontaneous reaction
(Figure 5a—c). Among the three models, the CuFejner
model displays a downhill free-energy diagram with
the lowest potential (U= —0.6 eV), compared to that of
CuFegyface (U = —0.97 eV) and Cu (U = —0.7 eV),
indicating that the ORR would be much more facili-
tated on the CuFej,ner surface than on CuFegface and
Cu. Furthermore, from this theoretical study, these
calculated reaction pathways indicate that the trans-
formation from step 4 to step 5, OH™ ion desorption,
could determine the overall kinetics for the ORR
among all three models. The proper binding strength,
not too strong or too weak, for the oxygen-related
species can be successfully achieved by the Fe atoms
embedded in the Cu metal alloy. This result also
corresponds well with the measured Tafel slope of
the alloy, as well as the enhanced kinetic current
(Figure 3b,c). We believe that the alloy, with its inner

MATERIALS AND METHODS

Synthesis of CuFe Alloy Catalysts. Five grams of chlorophyllin
(Sigma-Aldrich) and 2 g of iron acetylacetonate(ll) were
dissolved in a mixture solvent of distilled water and ethanol
(1:1 v/v) and then dried at 100 °C. The fully dried catalyst
precursor was fired at 800 °C (increasing 5 °C per 1 min) under
Ar atmosphere for 1 h. The copper precursor (chlorophyllin)
and the iron precursor (Fe(ll) acetylacetonate) heat-treated at
800 °C under Ar atmosphere for 1 h are denoted as Cu and Fe,
respectively.

Preparation of Catalyst Ink and Working Electrode. The formulation
of catalyst ink is a mixture of 10 mg of the CuFe catalyst powder,
200 uL of 0.05% Nafion (Aldrich) solution, and 800 uL of ethanol.
Briefly, desired catalyst ink was prepared by being ultrasonically
mixed in distilled water for at least 1 h to form a homogeneous
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Fe atoms, effectively decreases the binding energy for
the OH™ ion during the ORR process, thus facilitating its
kinetics compared to bare Cu and the alloy with surface
Fe atoms (Supporting Information Figure S14). There-
fore, it is reasonable to conclude that the as-prepared
CuFe alloy catalyst is a bulk alloy-type material in which
most of the Fe atoms are surrounded by Cu atoms
(Figure 2). The electronic structure of the Fe can be
properly tuned by the alloying with Cu, and thus, this
characteristic feature could enable this bulk alloy to
have CN tolerance and dramatically enhanced catalytic
activity for the ORR by facilitating the desorption of
OH™ from the alloy catalyst.

CONCLUSIONS

In conclusion, a noble-metal-free CuFe alloy encap-
sulated with graphitic carbon layers was synthesized
by the pyrolysis of a copper phthalocyanine-based
precursor and an iron acetylacetonate. The alloy was
demonstrated to be a highly efficient and durable
catalyst for the ORR. Physicochemical characterization
confirmed the formation of a CuFe nanoalloy in
which most of the Fe atoms were surrounded by Cu
atoms, and Fe catalyzed the formation of a few well-
developed graphene layers that fully covered the alloy.
Electrochemical characterization indicated that the
CuFe alloy had g catalytic activity much higher than
that of pyrolyzed Cu and Fe. To demonstrate the
synergistic effects due to alloying, we performed the-
oretical calculations for the CuFe alloy, an Fe-exposed
alloy, and a metallic Cu model. Due to the moderated
binding energies of oxygen-related species on the
surface of the catalyst, the inner layer of the Fe-
substituted CuFe;,,e, alloy exhibited an overpotential
lower than that of the other two models, in agreement
with our experimental results. In addition, the N-doped
graphitic carbon shells afford not only electrical
conductivity but also durability during long-term
oxygen reduction operation, rendering the CuFe alloy
as a promising non-precious-metal electrocatalyst
for alkaline-based mechanically rechargeable Zn—air
batteries.

catalysts ink. Five microliters of ink was loaded on the surface
of a polished glassy carbon working electrode, resulting in
0.389 mgc./cm> For the 60 ug,/cm® catalysts, 8 mg of
20% Pt/C powder was dissolved in 800 uL of water until fully
dispersed, and 200 uL of 0.05% Nafion (Aldrich) solution
was added for Pt/C catalyst ink. This desired catalyst ink was
ultrasonically mixed for at least 1 h to obtain a homogeneous
catalysts ink. Then, 5 uL of ink was loaded on the surface
of the working electrode, resulting in 0.318 Mmguoy pyc/cm?,
corresponding to 60 ugp,/cm® with the same methods
mentioned above.

Electrochemical Measurements. Rotating ring-disk electrode
(ALS Co., Ltd.) experiments were carried out using the desired
catalyst film (deposited on a GC electrode) as the working
electrode in 0.1 M KOH alkaline electrolyte with saturated O,.
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Pt wire and Hg/HgO were used as a counter and a reference
electrode, respectively. Electrochemical characterization was
conducted using a bipotentiostat (IviumStat). Before measuring
the O, reduction current, we conducted cyclic voltammetry in
the range of 0.15 to —0.6 V (vs Hg/HgO) with a 30 mV/s scan rate
until a saturated current was obtained and measured its ORR
current. The capacitive current was corrected by means of
measuring a CV in Ar-saturated 0.1 M KOH. The collection
efficiency (N) was determined under an Ar atmosphere using
10 mM Ks[Fe(CN)gl, which is around 0.41. This value is very close
to its theoretical value of 0.42. The number of electrons trans-
ferred (n) was calculated using the equations below.

Iy
n=4———
la+1I/N

All of the potential here is calibrated using the method de-
scribed in our precious report®® and converted to the RHE value
by adding 0.929 V to the measured potential (vs Hg/HgO).

Kinetic Current Calculation. Kinetic currents of the electrocata-
lyst were obtained from mass transfer correction using the
Levich equation.

ir;;asured = ik71 +"d71
shere imeasured iS the measured oxygen reduction current
density, iy is the kinetic current density, and iy is the limiting
current density.

In—Air Full-Cell Tests. For the full-cell test of our catalysts, we
prepared a zinc plate as an anode, and 6 M KOH was used for the
electrolyte. Cell guard 3501 membrane was used for a separator.
The air cathode was prepared by a mixture of activated carbon
(Darco G-60A, Sigma-Aldrich), PTFE binder (60 wt % PTFE
emulsion in water, Sigma-Aldrich), and electrocatalyst in a ratio
of 65:8:27, respectively. An assembled full-cell was performed at
several discharge and charge currents.

Physical Characterization. The synthesized material morphol-
ogy was examined using HR-TEM (JEOL JEM-2100F) operating
at 200 kV. Powder analysis was performed using an X-ray
diffractometer (D/Max2000, Rigaku). The oxidation state of the
elements was analyzed using XPS (Thermo Scientific Kot spec-
trometer, 1486.6 eV), and the surface carbon state was exam-
ined using micro-Raman (WITec).

DFT Calculations. We investigated the electronic structure of
Cu, CuFejnner, and CuFegace for calculation. We used VASP to
calculate the ground state of many electron systems in the
framework of density functional theory. The plane-wave basis
set with an energy cut off of 400 eV and the PBE-type gradient-
corrected exchange-correlation potential were employed. As a
model system, we set a supercell which is made of the 4 x 4 x 3
face-centered cubic Cu(111), and for two different types of alloy
models, we set a supercell of Cuy4Fey.
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